
Molecular Biology of the Cell
Vol. 3, 1415-1425, December 1992

Activation of Ca2 -Dependent Currents in Cultured
Rat Dorsal Root Ganglion Neurones by a Sperm
Factor and Cyclic ADP-Ribose
Kevin P. M. Currie,*t Karl Swann,* Antony Galione,§
and Roderick H. Scott*

*Department of Physiology and tMRC Experimental Embryology and Teratology Unit, St. George's
Hospital Medical School, London SW17 ORE, UK; and §Department of Pharmacology,
Oxford University, Oxford OX1 3QT, UK

Submitted July 28, 1992; Accepted October 7, 1992

The effects of intracellular application of two novel Ca2' releasing agents have been studied
in cultured rat dorsal root ganglion (DRG) neurones by monitoring Ca2+-dependent currents
as a physiological index of raised free cytosolic Ca21 ([Ca21] ). A protein based sperm factor
(SF) extracted from mammalian sperm, has been found to trigger Ca21 oscillations and to
sensitize unfertilized mammalian eggs to calcium induced calcium release (CICR). In this
study intracellular application of SF activated Ca2+-dependent currents in approximately
two-thirds of DRG neurones. The SF induced activity was abolished by heat treatment,
attenuated by increasing the intracellular Ca2' buffering capacity of the cells and persisted
when extracellular Ca2+ was replaced by Ba2 . In addition, activity could be triggered or
potentiated by loading the cells with Ca2' by activating a series of voltage-gated Ca21
currents. Ca2+-activated inward current activity was also generated by intracellular appli-
cation of cyclic ADP-ribose (cADPR), a metabolite of NAD+, which causes Ca21 release in
sea urchin eggs. This activity could also be enhanced by loading the cells with Ca2+. The
cADPR induced activity, but not the SF induced activity, was abolished by depleting the
caffeine sensitive Ca21 store. Ruthenium red markedly attenuated SF induced activity but
had little action on cADPR induced activity or caffeine induced activity. Our results indicate
that both SF and cADPR release intracellular Ca21 pools in DRG neurones and that they
appear to act on subtly distinct stores or distinct intracellular Ca2' release mechanisms,
possibly by modulating CICR.

INTRODUCTION

It is well established that changes in intracellular free
calcium concentration ([Ca2"]i) regulate many diverse
cellular functions. In neurones these include neurite
outgrowth, vesicular neurotransmitter release, activation
of calcium dependent ion channels, gene expression,
synaptic plasticity, and programmed cell death (Ken-
nedy, 1989; Miller, 1991). To facilitate this, neurones
possess complex calcium homeostatic mechanisms to
control [Ca2+]i (McBumey and Neering, 1987; Blaustein,
1988; Miller, 1991). Despite the importance and interest

t Address for correspondence: Kevin P.M. Currie, Department of
Physiology, St. George's Hospital Medical School, London, SW17 ORE
UK.

in this field many questions still remain unanswered
about the modulation of [Ca2+]i. Considerable attention
has focused on the release of Ca2" from intracellular
pools. Two types of intracellular Ca2" release channel
have so far been reported, namely the inositol 1,4,5
trisphosphate receptor (IP3R)l and the ryanodine recep-
tor (RyR) (Supattapone et al., 1988; McPherson et al.,
1991; Ferris and Snyder, 1992). The receptors have both
been shown to coexist in cerebellar purkinje neurons

' Abbreviations used: cADPR, cyclic ADP-ribose; CICR, calcium
induced calcium release; DRG, dorsal root ganglion; EGTA, 1,2-Di(2-
aminoethoxy)ethane-N,N,N',N'-tetra-acetic acid; E,,, reversal poten-
tial; IP3, inositol 1,4,5 trisphosphate; IP3R, inositol 1,4,5 trisphosphate
receptor; RuR, ruthenium red; RyR, ryanodine receptor; SF, cytosolic
sperm factor.
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(Brorson et al., 1991; Walton et al., 1991), and molecular
cloning has identified some sequences of striking sim-
ilarity (Tsien and Tsien, 1990). The brain RyR is also
sensitive to caffeine and calcium itself (Bezprozvanny
et al., 1991; McPherson et al., 1991) and is probably a
site of calcium induced calcium release (CICR) in neu-
rones (Lipscombe et al., 1988; Marrion and Adams,
1992). CICR has been implicated in many cellular func-
tions including models of [Ca2+]i oscillations, spreading
waves of Ca21 within cells, and the after-hyperpolar-
ization in Guinea pig vagal neurones (Berridge and Gal-
ione, 1988; Berridge and Irvine, 1989; Dupont et al.,
1991; Sah and McLachlan, 1991). It has also been shown
that the caffeine sensitive store can modulate stimulus
evoked changes in [Ca2+]i and presumably also Ca21-
dependent processes (Friel and Tsien, 1992). It has been
suggested that a means by which this could be con-
trolled is modulation of the Ca21 sensitivity of CICR.
However to our knowledge no endogenous modulators
of CICR have been reported in neurones.

Intracellular calcium stores are also present in oocytes
and are involved in egg activation at fertilization. In all
species studied the egg is activated by the sperm-causing
transient increases in calcium (Whittingham, 1980; Jaffe,
1983; Whitaker and Steinhardt, 1985). In mammalian
eggs the transients form a series of regular oscillations
that persist for several hours, and there is strong evi-
dence to suggest that release from intracellular stores is
involved (Cuthbertson and Cobbold, 1985; Miyazaki
1988). One hypothesis on how the Ca" oscillations are
triggered suggests that the sperm and egg first fuse al-
lowing the transfer of a soluble cytosolic sperm factor
into the egg that causes release of intracellular Ca2
stores (Dale et al., 1985; Dale, 1988; Stice and Robl,
1990; Swann, 1990; Swann and Whitaker, 1990). The
actions of such a sperm factor (SF) have been described
in hamster and mouse eggs and microinjecting SF into
unfertilized eggs closely mimics the calcium transients
and associated hyperpolarizing membrane responses
seen at fertilization (Swann, 1990, 1992). The SF appears
to be a protein (because it is sensitive to both heat treat-
ment and trypsin) found in the high molecular weight
extract of the cytosolic fraction from sperm. Moreover,
its mode of action appears to be to sensitize the hamster
eggs to CICR (Swann, 1990).
Another novel Ca>2 releasing agent has recently been

reported in sea urchin eggs and egg homogenates (Lee
et al., 1989; Dargie et al., 1990). Cyclic-ADP ribose
(cADPR) is a metabolite of NAD+, and the enzyme re-
sponsible for its synthesis appears to be present in rabbit
liver, brain, heart, spleen, and kidney (Rusinko and Lee,
1989) with two isoforms of this enzyme (termed ADP
ribosyl cyclase) having recently been purified (Hellmich
and Strumwasser, 1991; Lee, 1991; Lee and Aarhus,
1991). Interestingly, in analogy with the SF, cADPR has
been reported to act as a modulator of CICR in sea
urchin eggs (Galione et al., 1991; and for review see

Galione, 1992). However, cADPR does not appear to
cause release of Ca2+ in hamster eggs raising the pos-
sibility that they may be distinct agents and target dis-
tinct Ca2+ release mechanisms.
Given the apparent modulation by both these agents

of CICR, we have investigated the action of intracellular
application in cultured dorsal root ganglion (DRG) neu-
rones. We have recorded calcium-dependent currents
(predominantly nonselective cation but also chloride)
previously reported in these cells (Currie and Scott,
1992) as indicators of raised [Ca2+]i. In addition to iden-
tifying Ca2+ releasing activity of the two agents in these
neurones, we have attempted to pharmacologically dis-
tinguish the mechanism of action of SF and cADPR.

METHODS

Culture of Cells
One- to two-day old Wistar rats were decapitated and the dorsal root
ganglia dissected out from the spinal column. The cells were then
dissociated both enzymatically (collagenase, trypsin) and mechanically
(trituration) before being plated on poly-L-ornithine/laminin coated
coverslips. The cells were maintained in and fed every 7 d with Ham's
F14 nutrient mixture (Imperial Laboratories, Andover, Hampshire UK)
with 10% Horse Serum (GIBCO, Grand Island, NY) + NGF (10 iig/
ml: Sigma, St. Louis, MO) + penicillin/streptomycin (Flow, McLean,
VA) and kept at 37°C in humidified air with 5% CO2. Electrophys-
iological recordings were made from cells maintained in culture for
1 d to 2 wk.
For some experiments cells up to 7 d in culture were freshly replated.

This involved gently washing the cells off the coverslip with a small
amount (;0.5 ml) of culture medium (F14/horse serum) and then
replating the cells onto new poly-L-ornithine coated coverslips (Dol-
phin and Menon-Johanssen, personal communication). The replated
cells were attached to the new coverslip and were recorded from
within 1-2 h after replating. Replated cells have the advantage of
being spherical "neuroballs" with no processes. This leads to much
improved voltage clamping and unequivocally isolates currents gen-
erated by channel openings on the cell body.

Preparation of Cytosolic Sperm Factor
The full preparation has previously been described (Swann, 1990).
Briefly this entailed collection of hamster or boar sperm that was lysed
in a KCl/N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) buffer with 100 AM ethylene glycol-bis(13-aminoethyl ether)-
N,N,N,N'-tetraacetic acid (EGTA) by freeze/thaw cycles or by soni-
cation. The homogenates were then spun at 100 000 X g for 1 h at
4°C and the supematant isolated as the cytosolic fraction. Size frac-
tionation was achieved by concentration of extracts on centricon-100
ultrafiltration membranes for boar samples and C-10 membranes for
hamster samples followed by dilution into an intracellular-like medium
and reconcentration. Stocks were frozen (-18°C) until use and then
diluted in patch recording medium to yield 0.1-5.0 mg/ml total protein
concentration. The Ca2" concentration in the stock before dilution
(10-100 times) was typically 100-200 nM (Swann, 1990). No deter-
gents were used in the extraction of SF, and it was fully soluble in
distilled water and 1M KCl, strongly suggesting it is a soluble cytosolic
factor. Cytosolic brain extracts (BE) were made from rat brain in the
same way as sperm extracts and were of similar protein concentrations.
The SF was introduced into the cells by inclusion in the patch pipette
solution used in the whole-cell patch-clamp technique.

Preparation of Cyclic ADP-Ribose
Cyclic ADP-ribose (cADPR), a generous gift from Dr. H. C. Lee, was
prepared by incubating NAD+ with the purified enzyme, ADP-ribosyl
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cyclase (Lee and Aarhus, 1991). Its authenticity was confirmed by
high performance liquid chromatography (h.p.l.c.) profile (Walseth et
al., 1991) and by its ability to release Ca2" from sea urchin egg mi-
crosomes that had previously not been desensitized to cADPR (Galione
et al., 1991).

Electrophysiology
The whole-cell configuration of the patch-clamp technique (Hamill
et al., 1981) was used to record from DRG neurones at room tem-
perature (-23°C). Low resistance patch pipettes (3-7 MQ) were used
and the cells voltage clamped with an Axoclamp-2A amplifier operated
at a sampling rate of 25-35 kHz in the discontinuous single electrode
voltage-clamp mode. Sodium currents were blocked with tetrodotoxin
(TTX), and potassium currents were blocked with extracellular tet-
raethylammonium (TEA) and intracellular Cs', leaving intact the
voltage-activated Ca2" currents and Ca2`-activated chloride and Ca2+-
activated nonselective cation currents (Currie and Scott, 1992). The
recording bath medium contained (in mM) 130 choline chloride; 3.0
KCl; 0.6 MgCl2; 1.0 NaHCO3; 10 HEPES; 4.0 glucose; 25 TEA; 0.0025
TTX; and 2.0 or 4.0 CaCl2. The pH and OsM were adjusted to 7.4
and 320 mOsm with NaOH and sucrose, respectively. Tris (hydroxy-
methyl) aminomethane (Tris) sucrose (T/S) based recording medium
used in some experiments contained in (mM) 145 Tris-Cl; 4.0 CaCl2;
0.3 MgCl2; 2.5 glucose; 5.0 HEPES; 0.00125 TTX. The pH of this
solution was adjusted to 7.4 with HCl. Patch pipettes were filled with
a solution containing (in mM) either 140 CsCl or CsAcetate; 2.0 MgCl2;
2.0 ATP-Na; 10 HEPES; 0.1 CaCl2; and 1.1 or 10 EGTA. The pH was
adjusted to 7.2 with Tris and OsM to 310 mOsm with sucrose. For
extracellular application SF was diluted in the choline chloride-based
recording medium. In some experiments ruthenium red (RuR) (BDH
limited) was also included in the patch solution at a concentration of
100 ,uM-1 mM. For experiments with SF the RuR-containing patch
solution was used to make the appropriate dilution of SF.

Inclusion of the highest concentrations (2-5 mg/ml) of SF in the
patch solution had no action on pH and increased the osM slightly
to 320 mOsm. Perfusion of drugs and modified media was performed
by low pressure ejection (-7 kPa) from micropipettes -10 AM tip
diam) placed -100 ,M from the cell. The data was stored by using
both a digital audio tape recorder and a Gould 2200S (Gould, Cleve-
land, OH) twin-channel pen recorder.

RESULTS

In 61% (52 of 85 cells) of DRG neurones loaded with
CsCl patch solution, intracellular application of SF (0.1-
5.0 mg/ml total protein concentration) elicited inward
current activity after a delay of between 10-25 min.
The inward currents induced by the SF were of variable
nature and amplitude (Figure 1) consisting of several
distinct types of activity including regular oscillations.
The amplitude of the responses ranged from 100 pA to
3.0 nA and the currents could be subdivided into several
distinct qualitative groups. These different types of ac-
tivity include short duration (<1-2 s) spike-like inward
currents (Figure 1A), more prolonged transients lasting
for 10-20 s or for <1-2 min (Figure 1B), more sustained
responses lasting for >5-10 min (Figure 1C), and finally
stepwise sustained increases with no recovery (Fig. 1D).
Often two or more types of activity would be present
in the same cell and superimpose on one another lim-
iting our study to a qualitative analysis.
These effects were not caused by a nonspecific effect

of loading the cells with protein. No activity was seen
in 12 cells that were clamped at -90 mV with 2.0 mg/
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Figure 1. Inward currents activated in response to intracellular SF.
Examples of the different types of activity elicited by intracellular
application of SF (0.2 mg/ml). Records are extracts of traces from 4
different cells all loaded with CsCl based patch solution. (A) Short
duration spike like inward current activity, showing a burst of regular
oscillations. (B) More prolonged transient inward currents and also
large spike like activity. The insert shows the small burst of low am-

plitude activity towards the end of the recording at higher gain. (C)
A much more sustained response (-5-6 min) followed by a burst of
noisier more transient type activity. (D) More sustained activity fol-
lowed by an increase in noise and sustained increase in holding current.

ml of serum albumin fraction V present in the patch
pipette solution for up to 30 min after entering the
whole-cell configuration. Only 4 of these 12 cells
showed any activity between 30-60 min, and this ac-

tivity consisted of a few very small isolated events (<200
pA). Likewise with a crude cytosolic brain extract, ap-

plied at similar protein concentrations to SF, only one

of seven cells showed any inward current activity within
30 min. SF was also applied extracellularly by low pres-

sure ejection and again was found to produce no activity
(n = 5).

Heat Treatment Attenuates SF Induced Activity
Heat treated SF (either 60°C for 1 h or boiling in a water
bath for 15 min) was applied to 10 cells to see if the SF
activity was heat sensitive in neurones and as a further
control against effects of adding a high molecular weight
substance to the cells. Batches of the SF were split in
two: one-half was heat treated while the other one-half
was untreated and used to test for SF mediated re-

sponses. In four of five cells to which heat treated 0.2
mg/ml SF was added, there was no activity elicited for
>1 h (Figure 2B). The higher concentration of sperm

factor induced activity that was attenuated by heat
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Figure 2. Heat treatment attenuates the action of SF. Heat treating
the lower concentration of SF used (0.2 mg/ml protein) at 60°C for
1 h abolished activity in 4 of 5 cells (A-B). The top (A) shows a control
cell with the initial transient inward current activity expanded in the
insert. The bottom (B) shows a cell with heat treated SF present in
the patch pipette. Heat treatment of the higher concentration (2.0
mg/ml protein) SF (C-E). The top (C) shows a control cell with one
of the oscillating inward currents expanded in the insert. (D) and (E)
show cells with SF applied following heat treatment at 60°C for 1 h
and boiling for 15 min, respectively. The traces show attenuation of
activity with the two small events shown in (E) occurring 58-59 min
into the recording. All traces are continuous records from cells at
holding potentials of -90 mV, records begin from the point of going
into the whole-cell configuration.

treating at 60°C for 1 h (3 cells) (Figure 2D) while boiling
for 15 min virtually abolished activity (2 cells) with only
small residual current being activated after an extremely
long delay (>40 min) (Figure 2E) when compared with
cells loaded with untreated SF.

The SF Induced Currents are Ca2" Dependent
Raising the intracellular calcium buffering capacity of
the cells by increasing the EGTA concentration of the
patch solution from 1.1 or 2 mM to 10 or 20 mM at-
tenuated SF induced activity (Figure 3). The calculated
free Ca2+ in patch pipette solutions containing 1.1, 2.0,
10, and 20 mM EGTA were 1.6 X 10-8 M, 8 X 10- M,
1.6 X 10- M, and 8 X 10-10 M, respectively. With raised
EGTA concentration, the overall amount of activity seen
in cells was reduced, and the activity that remained was
shorter lasting and of smaller amplitude than that
typically seen in control cells (n = 12 cells). The free Ca2+
concentration of CsCl based patch solution was in-
creased by raising the [Ca2+] from 0.1 to 1.1 mM (with
1.1 mM EGTA present). This gave an estimated free
calcium concentration in the patch solution of 4.59
X 10- M. In six of eight cells loaded with this patch
solution (with no SF present), inward current activity

was generated that showed similar components to that
elicited by application of SF (Figure 4A). The "normal"
patch solution (in which the SF was applied) had an
estimated free calcium concentration of 16 nM and did
not give rise to any activity of Ca2"-dependent currents
(Figure 4B). Ba2" does not directly support the Ca2+-
dependent Cl- and nonselective cation currents in DRG
neurones (Currie and Scott, 1992). However substituting
extracellular Ca21 with Ba2' did not abolish the SF in-
duced activity. In three of five cells with Ba21 in the
extracellular medium and loaded with CsCl based patch
solution SF induced inward current activity was gen-
erated. These data add further support to the contention
that SF is activating Ca2+-dependent currents by re-
leasing calcium from intracellular stores.

Ionic Nature of the SF-Induced Inward Currents
In cells loaded with CsAcetate based patch solution to
prevent any inward chloride current component of the
activity, intracellular application of SF again elicited in-
ward currents in 67% (14 of 21 cells) of DRG neurones.
The same components as described for CsCl loaded cells
were present but more sustained, and stepwise increases
in current tended to predominate (see Figure 5). This
has also been found with Ca2+-dependent currents ac-
tivated by applications of caffeine (1-10 mM) to DRG
neurones and may represent some interaction of the
intracellular anion with Ca2' release or Ca2' homeo-
stasis (Currie and Scott, 1992).

In cells loaded with CsAcetate based patch solution,
the reversal potential of the SF induced sustained in-
ward cation currents was estimated by extrapolating the
current/voltage relationship of the difference current
(as shown in Figure 5). A series of 30-ms duration volt-

2n10 EGTA

mIlpAp

fIOmM EGTA
11OOpA

20mlA EGTA

I00pA I

Figure 3. SF induced inward currents can be shown to be Ca2+ de-
pendent by attentuation with EGTA. The traces show extracts of re-
cords from 3 cells in which oscillating inward currents were activated
by application of 0.2 mg ml-' SF with either 2, 10, or 20 mM EGTA
present in the patch solution. Increasing the EGTA concentration re-
duced the overall amount of activity seen in cells and reduced the
amplitude. In the middle trace there is a burst of high frequency
oscillations that have been expanded, but note the small amplitude.
Likewise with 20 mM EGTA only very small events remain.
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A

Figure 4. Activation of calcium-dependent cur- esti
rents by increasing the free calcium concentration
([Ca2+1i) of the patch pipette solution. Both cells were 4.!
voltage clamped at -90 mV with patch pipettes
containing CsCl based patch solution with the [Ca2+]i
adjusted as described in RESULTS. (A) Record of a
cell clamped by using patch solution with 4.59 /AM
[Ca2+]. Inward current activity was generated almost
immediately. The insert shows oscillatory currents
on an expanded time scale. (B) A control cell loaded
with a patch solution containing 16 nM [Ca21]i. No
inward current activity was generated for <1 h.
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age-step commands were activated from a holding po-
tential of -90 mV to command potentials of between
-180 and -40 mV before and during the SF evoked
currents. These currents were then subtracted and the
current/voltage relationship of the difference current
was plotted and extrapolated to estimate the reversal
potential of the current (steps to more depolarized po-
tentials than -40 mV could not be done because they
would activate voltage-gated calcium currents). In eight
cells the difference current I/V relationship was linear
and was extrapolated to estimate Erev (Figure 5). The
mean Erev for the SF current in eight cells was +2 ± 7
(SE) mV.

In three of these eight cells T/S perfusion during the
response reversibly attenuated activity. The mean re-

duction in the three cells, with two applications to each
cell, was 43 ± 8%. Both the estimated Erev and the sen-

sitivity of the SF induced current to T/S medium suggest
responses were nonselective cation currents (ICAN) and
agree with data previously found with caffeine appli-
cation (Currie and Scott, 1992).

Activity can be Triggered and/or Potentiated in
SF Loaded Cells by Activating Voltage-Gated
Calcium Currents

In 15 cells in which there had been little or no activity
15-25 min after application of SF via the patch pipette,
activity could be started or potentiated by applying a

series of depolarizing voltage steps from -90 to 0 mV
for 100 ms at 3 to 5-s intervals. During the 100 ms

voltage-step command to 0 mV voltage-gated calcium
channels are opened allowing influx of Ca2+ into the
cells. Thus performing a series of these steps will load
the cell with Ca2 . In some cells as few as five steps
could trigger inward current activity (Figure 5) but the
same protocol applied to control cells with only CsCl
or CsAcetate patch (no SF present) did not elicit activity
over 45 min recording (n = 10) (Figure 5).

I1,4,5P3 does not Mimic SF Induced Inward Current
Activity

Ten to one hundred of IuM IP3 were included in the
patch pipette solution (CsCl) in 13 cells to determine if
it would elicit similar types of activity to that generated
by SF. In only 2 cells were inward currents activated
with a short delay (<5 min) with some small events
occurring in two further cells only after considerable
delay > 30 min and following in both cases series (5 to
20) of inward voltage-gated calcium currents to load
the cells with Ca2 . In the remaining 9 cells no inward
current activity was seen. Inclusion of 10-80 ,uM Inositol
1,4,5-trisphosphorothioate (IPS3), a nonhydrolysable
analogue of IP3, did not elicit any consistant inward
current activity. Only 3 out of 8 cells showed any inward
current activity up to 30 min after entering the whole-
cell patch configuration, and this activity was limited
to single events except in one case in which several
small amplitude (-50 pA) events occurred.

Cyclic ADP Ribose (cADPR) Activated Inward
Current Activity

Intracellular application of 10' - 106 M cyclic ADP
ribose (cADPR) also elicited inward current activity in
23 of 32 cells (Figure 6 A and B). Again the nature of
the response was varied and in some cells resembled
that seen with either SF or raising the pCa of the patch
solution including oscillatory currents (Figure 6A). The
delay to onset of activity was usually within 10 min
with some cells showing activity within 2-3 min. Six
cells were also seen to rapidly swell and burst 5-10 min
after cADPR application. Activity of the cADPR was

abolished by repetitive freeze/thawing (Figure 6C).
Another similarity between the cADPR and SF was the
ability of a Ca2+ load generated by a series of voltage-
gated Ca21 channel currents to trigger or potentiate ac-

tivity (n = 5) (Figure 6D).
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Figure 5. (A) Current voltage rela-
tionship for the difference current
calculated from the cell shown in (B).
The extrapolated E, was calculated
from the data by using linear regres-

sion analysis (the correlation coeffi-
cient is 0.998). (B) Complete record of
a cell loaded with CsAc based patch
solution and 0.2 mg/ml SF. A large
transient inward current was followed
by a period of in,ctivity. Upon apply-
ing a series of voltage step commands
(5 steps, -90 to 0 mV, 5 s apart, 100
ms duration) to activate voltage-gated
Ca2" currents more sustained inward
current activity was generated. The
estimated reversal potential was cal-
culated by performing a series of 30
ms voltage step commands to between
-180 and -40 mV from a holding
potential of -90 mV before the cur-

rent was activated (a) and during the
response (b) and (c). The baseline
current/voltage relationship was

subtracted from the current/voltage
relationship activated during the re-

sponse and the resultant current/
voltage relationship of the difference
current plotted and extrapolated (A).
T/S indicates perfusion of T/S based
recording medium and-shows revers-

ible attenuation of the current during
perfusion. The insert trace shows the
prolonged response, current/voltage
relationships, and T/S attenuation on
an expanded scale. (C) A control cell
loaded with CsAc in which a series of
12 voltage-step commands from -90
to 0 mV (100 ms duration) to activate
voltage-gated Ca2" current, which did
not elicit any inward current activity.

Pharmacological Distinction Between cADPR and
SF Induced Activity
Because both agents have been reported to act by a

CICR mechanism in other cell types, we investigated
the effects of depleting the caffeine sensitive Ca21 pool
on both SF and cADPR induced activity in DRG neu-

rones. To do this cells were preincubated for two periods
of seven and one-half min with 1 mM extracellular caf-
feine in Ba2+-containing bath solution. The cells were

then washed twice to remove the caffeine. In addition,
extracellular Ca21 was replaced by extracellular Ba2+ for
the duration of the experiment to prevent refilling of
the caffeine sensitive Ca21 store from the extracellular
environment. In five cells, which had undergone this
pretreatment, pressure ejection of 1-10 mM caffeine
<30 min after the start of whole-cell recording did not
elicit any inward currents suggesting that no Ca2+ was

available for release. cADPR or SF was applied as usual
by inclusion in the patch pipette solution and patch
clamping the pretreated cells.

In nine cells to which cADPR was applied after caf-
feine pretreatment, there was no inward current ac-

tivity > 25-30 min. In six of these cells it was also
shown that a series of 20 depolarizing voltage-step
commands of 100-ms duration activated every 3-5 s

to load the cells with Ba2+ (through voltage-gated Ca2+
channels) did not trigger activity (Figure 7). In four
of these nine cells, after 25-30 min had elapsed with
no activity, Ca2" (2 mM) containing recording medium
was perfused onto the cells. Three of four of these
cells subsequently showed inward current activity
either spontaneously (Figure 7A) or after a series
of depolarizing steps to load the cells with Ca2"
(Figure 7B).
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Figure 6. Intracellular cADPR induces oscillating
inward currents in some cells. All cells were voltage
clamped at -90 mV. (A) A complete trace of a cell
loaded with CsCl based patch solution containing
10 nM cADPR (left). The area arrowed is expanded
on the right to show the currents more clearly (note
the change in scale bars). (B) Examples of inward
currents obtained from another cell with 10 nM
intracellular cADPR. (C) Trace shows that after 4
freeze/thaw cycles the activity of the cADPR (10
nM) was abolished. (D) Complete record of a cell
containing 1 ,iM cADPR. The trace shows some
slight activity within 1-2 min and the triggering
of activity by a series of 20 voltage-gated calcium
currents activated at 0 mV every 3 s (+-).
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The same pretreatment to cells loaded with SF did
not abolish activity with 6 of 10 cells still showing some
inward current activity after caffeine pretreatment (Fig-
ure 7C).
RuR has been reported to block CICR in a variety of

preparations, so we investigated its actions on activity
induced by SF, cADPR, and caffeine. RuR was included
in the patch pipette solution along with the SF at a
concentration of 100 ,uM. In a total of eight cells, three
showed inward current activity, which was qualitatively
less and of smaller amplitude than that seen with control
cells run on the same day with the same batch of SF
(Figure 8A). This attenuation of activity was not due to
any cell membrane channel blocking action of RuR be-
cause both voltage-gated Ca2" currents and Ca2+-acti-
vated tail currents were shown to persist in cells loaded
with RuR (Figure 8B).

It has also been shown that in DRG neurones that
possess a Ca2"-activated chloride tail current (Icl(ca)),
following a voltage-gated Ca2" current that application
of caffeine (10 mM) leads to a rapid onset transient in-
ward current due to activation of ICI(Ca) (Currie and Scott,
1992). RuR, either 100 ,uM (n = 3) or 1 mM (n = 3), did
not block this caffeine activated ICI(Ca) in this study
(Figure 8C). This is further confirmation that RuR
does not block the Ca2+-activated currents used to
monitor [Ca2+]i.
RuR (100 jiM) was also found to have little or no

action on cADPR (1 ,uM) induced activity with six of
eight cells showing typical responses indistinguishable
from responses seen in cells loaded with cADPR alone
(Figure 8D).
DISCUSSION
Under the recording conditions used in this study, we
have previously identified two types of Ca2+-dependent

currents-a Ca2"-activated chloride current (ICl(ca)) and
a Ca"2-activated nonselective cation current (ICAN) and
have shown that both can be activated by release of
Ca2" from intracellular stores (Currie and Scott, 1992).
In this study we used these currents as a physiological
index of raised [Ca2+]i to investigate the actions of two
novel Ca2' releasing agents, namely a sperm factor (SF)
and cyclic ADP ribose (cADPR).
SF activates calcium-dependent currents in cultured

DRG neurones and appears to do so by releasing calcium
from intracellular stores as the responses are attenuated
by increasing the EGTA concentration and persist when
barium is substituted for calcium in the extracellular
medium. Further evidence for this comes from the find-
ing that activity with similar components to that induced
by SF can be generated by increasing the free cytosolic
calcium concentration of the DRG neurones.
The sometimes considerable delay before activity in

cells loaded with SF is probably in large part due to the
mode of application. Inclusion in the patch pipette so-
lution will result in an initial bulk flow followed by
diffusion into the cell, once the membrane patch at the
tip of the pipette is ruptured. A delay due to the mech-
anism of action of SF may also contribute, but the short
delay (<1 min) seen upon microinjection into eggs
(Swann, 1990) suggests this may not be a major factor.
However, if SF acts as a CICR enhancing protein, Ca2+
levels in the cell may still need to rise before substantial
Ca2+ is released to activate Ca2+-dependent currents.
Differences in the buffering capacity of patch clamped
DRG neurones supported by EGTA in the patch solution
and injected eggs may also account for differences.
However, differences in Ca 2+ stores and mechanisms
of action may be important. For example, the DRG neu-
rones unlike mammalian eggs are sensitive to caffeine.
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Ca Ca Ca response and show that ICAN is activated by SF by es-
timating Erev and by attenuation of the current by per-
fusion of T/S recording medium. It is likely that with
CsCl based patch solution ICI(Ca) will also contribute to
the SF responses, but we have not been able as yet to

A

C
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Figure 7. The effects of caffeine pretreatment on activity induced
by cADPR or SF. All cells were voltage clamped at -90 mV and
calcium channel currents were activated by 100-ms voltage step com-
mands to 0 mV (4-). The cells were preincubated with caffeine (1
mM) and maintained in extracellular medium containing Ba2" rather
than Ca2" to deplete the caffeine sensitive Ca2" store and prevent its
refilling from the extracellular environment. (A) A cell with intracellular
cADPR (1 gM) present. No inward current activity is generated over

the first 25 min, even after a series of 20 depolarizing voltage steps
activated at 0.33 Hz causing Ba2" influx through voltage-gated Ca2"
channels. On perfusion of recording medium containing 2 mM Ca2"
(indicated by the M) inward current activity was generated. (B) A
second cell with cADPR present. Note that the record shown starts
22 min into the cell. Up to this point there had been no inward current
activity, and again a series of Ba2" currents had no effect. Ca21 was

perfused onto the cell (Mn), and during this perfusion a series of 20
depolarizing steps to 0 mV at 0.33 Hz was activated to load the cell
with Ca2+. After a short delay inward current activity was generated.
(C) A cell with intracellular sperm factor present. Despite the pre-
treatment SF still induced inward current activity in this cell, which
was maintained in extracellular Ba21 for the whole experiment.

The variable nature of the currents activated by SF
could arise due to many factors including variability in
the SF/Ca2" store interaction, the state of the Ca2" store
before SF application (i.e., depleted, full etc.), variability
between cells with respect to other components of the
Ca2" homeostatic machinery of the cell, different to-
pographic relationships between the stores and Ca2`-
activated channels, differences in the actual Ca2`-acti-
vated channels between cells, and variability between
batches of SF. In addition to these factors we feel that
access problems may play a role not only in the delay
but also possibly in determining the type of response
to SF. This notion is supported by the finding that cells
clamped with patch pipettes of higher series resistances
(>7 MU) were less likely to show activity triggered by
SF or cADPR. Attenuation of activity by heat treatment
mirrors findings in eggs (Swann, 1990) and is also a
further control against any possibility of Ca2" contam-
ination of the SF medium.
We have also investigated the ionic nature of the SF

induced activity. By using CsAcetate based patch so-

lution we can remove any Cl- component of the SF
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Figure 8. Ruthenium red (RuR) actions on SF, cADPR and caffeine
induced inward current activity and voltage-gated Ca2" currents and
associated Ca2"-activated tail currents. All cells were voltage clamped
at -90 mV. (A) A cell loaded with SF and 100 uM RuR. After a typical
delay SF induced activity started but is composed of only small am-

plitude noisy events suggesting attenuation by RuR. (B) A voltage-
gated Ca2" current and associated inward Ca2"-activated Cl- tail cur-
rent recorded from a cell with 100 ,M intracellular RuR in CsCl based
patch solution. The top of the two traces shows the 100-ms duration
voltage step command from -90 to 0 mV used to activate the Ca2+
current. The current shown was activated 10 min after entering the
whole-cell configuration of the patch clamp technique, allowing ample
time for RuR to diffuse into the cell. The trace shows that neither the
Ca2+ current or the tail current is blocked by RuR. (C) An extract of
a trace from a cell loaded with CsCl based patch solution containing
100,gM RuR. Caffeine (10 mM) perfusion, indicated by the horizontal
bars labeled c, activates Ca2+-dependent chloride currents due to re-
lease of Ca21 from intracellular stores. This action is not blocked by
RuR. Note that the 2nd and 3rd responses to caffeine are always
smaller than the 1st response even in control cells. (D) An extract
from a trace of a cell loaded with CsCl based patch solution containing
1 MM cADPR + 100 ,M RuR. The RuR did not block the cADPR
induced activity.
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identify which components of the responses are due to
which current. It would appear though that ICAN may
predominate, at least during noisy bursts of activity,
because preliminary studies showed that the chloride
channel blocker 5-nitro 2-(3-phenylpropylamino) ben-
zoic acid (NPPB) (Wangemann et al., 1986; Currie and
Scott, 1992) produced little or no attenuation of this
activity. It may be the case that ICI(Ca) is associated with
the more transient initial responses but this remains to
be determined. The potentiation/triggering of SF in-
duced activity by loading the cells with Ca2' by acti-
vating a series of voltage-gated Ca2+ currents supports
the notion that it may act by sensitizing the CICR
mechanism. However, it may also be that the Ca2+ load
simply acts to refill the Ca2+ pool on which SF is acting.

Cyclic ADP ribose has also been reported to act by a
CICR mechanism (Galione et al., 1991; Galione, 1992)
and has been reported to release Ca2+ from microsomes
from a pituitary cell line (Koshiyama et al., 1991). In
this study we have found that like SF, cADPR also ac-
tivated Ca2+-dependent inward current activity, in some
cases with concentrations as low as 10 nM. Again as
with SF, the activity can be triggered or potentiated by
a series of Ca2+ currents. Given the proposed modula-
tion by both these agents of CICR, we attempted to
identify which stores and by which mechanisms the
agents may be acting in neurones.
The caffeine sensitive Ca2+ pool is commonly accepted

as being a probable site of action for CICR in neurones
(Kuba, 1980; Lipscombe et al., 1988). So far two types
of intracellular Ca2+-release channels have been re-
ported-the IP3R and the RyR (Suppattapone et al.,
1988; McPherson et al., 1991; Ferris and Snyder, 1992),
the latter of which is sensitive to Ca2" itself and to caf-
feine (Bezprozvanny et al., 1991; McPherson et al.,
1991). By pretreating the cells with caffeine to dump
this Ca2+ pool and by maintaining the cells in extracel-
lular Ba2+ to prevent its refilling, we investigated if SF
and cADPR were acting on this Ca2+ pool. It was found
that cADPR does seem to be acting on the caffeine sen-
sitive Ca2+ store since activity was abolished by this
treatment but responses could subsequently be initiated
by replacing extracellular Ca2 . It is suggested that re-
placing the extracellular Ca2' allows refilling of the de-
pleted store and subsequent release by the already
present cADPR. Interestingly though, the SF response
was not abolished in this manner by the same pretreat-
ment. Although difficult to quantify, the caffeine treat-
ment may have attenuated the SF response to some
degree. This would not be surprising because an agent
which may not act directly on the caffeine sensitive pool
could still be influenced by its depletion due to 1) mo-
bilization of Ca2+ between pools or 2) interaction be-
tween different pools in generating repetitive activity,
such as has been suggested in models of intracellular
Ca2+ oscillations (Berridge, 1991; Dupont et al., 1991).
Nevertheless, it appears that SF and cADPR do not act

on the same mechanism or site within DRG neurones.
Interestingly, mammalian eggs, in which SF activity was
first identified, are not sensitive to caffeine (Swann,
1990; Miyazaki, 1991) or cADPR whereas sea urchin
eggs, in which cADPR was first identified, are sensitive
to caffeine (Galione et al., 1991). In this respect it is also
of interest to note that a caffeine insensitive CICR
mechanism has been reported in cultured Xenopus spinal
neurones (Holliday et al., 1991).
Given the failure of caffeine to block the SF response,

we decided to investigate the actions of RuR that has
been reported to block CICR in some systems e.g., rat
lacrimal gland acinar cells (Marty and Tan, 1989).
Somewhat surprisingly we found that 100 AM RuR or
1 mM RuR failed to block the caffeine responses seen
in these cells. These responses are due to caffeine re-
leasing intracellular Ca2", which then activates the Ca2+-
dependent chloride channels (Currie and Scott, 1992).
Although unexpected, because caffeine is reported to
sensitize CICR and RuR to block CICR, a similar lack
of block of caffeine mediated increases in [Ca2+]i has
been previously reported in neurones (Marrion and
Adams, 1992). This finding also shows that RuR does
not block the plasma membrane Ca2+-activated chan-
nels, and this is further demonstrated by the observation
that the calcium current and associated calcium acti-
vated tail currents in these cells were not blocked by
RuR presence. Additionally, RuR (100,uM) does not af-
fect cADPR induced activity, indicating again a close
similarity between caffeine and cADPR induced Ca2+
release. In contrast we found that RuR does attenuate
SF induced activity within these cells.
These findings suggest that there may exist two dis-

tinct (but quite possibly interacting) Ca2' release mech-
anisms, one modulated by cADPR and caffeine, and
one by SF. This certainly requires further study and the
consideration of other mechanisms such as IP3 mediated
Ca2' release or a possible involvement of the IP3R,
which may act as a CICR site under certain conditions
(Lechleiter and Clapham, 1992). With this in mind, we
investigated the action of 10-100 1,M IP3 applied via
the patch pipette. The very poor responsiveness of these
cells to IP3 was slightly surprising given reports of IP3-
sensitive pools in DRG neurones (Thayer et al., 1988).
The unlikely possibility that this was due to rapid hy-
drolysis of the IP3 is ruled out by the use of IPS3. The
IP3 used was active as it was found to produce intra-
cellular Ca2+ oscillations in mouse eggs as previously
reported (Swann, 1992). It may therefore be that these
particular neurones are relatively insensitive to IP3, and
there have been some other studies in which poor re-
sponsiveness to IP3 has been reported (Morris et al.,
1987; Penner et al., 1989). It may also be the case that
the IP3 stimulated rise in Ca21 in the majority of these
cells was too small to be reliably detected in this study.
Indeed Thayer et al., (1988) reported only a modest rise
in [Ca2+]i of 108 ± 37 nM in response to bradykinin
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application to activate the IP3 pathway. A modest rise
in [Ca2+]i and the possibility that the Ca2" stores may
be topographically remote from the Ca2"-activated
channels used to monitor [Ca2+]i in this study could also
explain the low proportion of cells responding to IP3.
Nevertheless, the data do suggest that the idea that SF
is generating IP3 or sensitizing the IP3R to endogenous
low levels of IP3 is unlikely. A direct activation of G-
proteins by SF also seems unlikely since intracellular
application of GTP or its relatively nonhydrolysable
analogues fails to elicit such inward current activity in
DRG neurones (Scott et al., 1991). Similarly we believe
it unlikely that SF is in some way causing Ca2" influx
from the extracellular environment because 1) extra-
cellular application has no effect, 2) activity persists
when extracellular Ca2" is replaced by Ba2+, and 3) the
potentiation of activity by a series of Ca21 currents sup-
ports a role for intracellular stores/CICR. It is interesting
to note at this point that there is now some evidence
pointing to the existence of subtypes of the RyR (Lai et
al., 1988; Otsu et al., 1990; Shoshan-Barmatz et al.,
1991), which may vary slightly in their CICR mecha-
nism and possible modulatory sites. Similarly there is
also evidence for subtypes of the IP3R (Nakagawa et
al., 1991). Because both the RyR and IP3R can act as
CICR channels, (Bezprozvanny et al., 1991; Lechleiter
and Clapham, 1992) it is possible that SF is releasing
Ca2' by an interaction with one or more subtypes of
either category of Ca2' release channel.

In conclusion it seems that both SF and cADPR ac-
tivate Ca2+-dependent currents in cultured DRG neu-
rones by releasing intracellular Ca2+ stores possibly by
modulation of CICR. The parallels between caffeine and
cADPR induced activity are quite striking and it seems
that they may act on the same or a closely related site.
In contrast it would seem that SF may act on another
or perhaps multiple sites of action. The involvement of
CICR in an increasing number of cellular processes and
possible pathophysiological processes (see INTRO-
DUCTION) makes the potential modulation of this
phenomenon all the more exciting for our understand-
ing of the physiological control and release of intracel-
lular Ca21 levels.
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